Abstract. A randomized controlled trial investigated the impact of community-wide use of mosquito nets impregnated with lambda-cyhalothrin alone or with dapsone/pyrimethamine (d/p) prophylaxis on clinical malaria due to perennially transmitted Plasmodium falciparum in children in the Bo district of Sierra Leone. The 17 study communities were pair-matched and randomly allocated to receive treated mosquito nets or no nets and the children (age range ϭ 3 months-6 years) in each community were randomly allocated to receive d/p or placebo individually every two weeks. This resulted in each of the approximately 2,000 children recruited being in one of four study groups (impregnated mosquito nets and d/p prophylaxis, impregnated mosquito nets, d/p prophylaxis, and controls). The intervention phase of the study lasted 12 months. A total of 1,800 children attended more than 25% of the 48 total weekly morbidity surveillance surveys and were included in the analysis.
For many years, the World Health Organization has consistently advised communities in sub-Saharan Africa to adopt and implement a malaria control strategy based on early diagnosis and prompt therapy with antimalarial drugs (mainly chloroquine). 1 However, the emergence and spread of Plasmodium falciparum resistant to chloroquine in almost all of sub-Saharan Africa has created an urgent need for additional, effective as well as sustainable control strategies. 2, 3 The rediscovery 4 of impregnating mosquito nets with insecticides opened up the possibility of exploring a malaria control strategy with potential for community-based implementation. Other advantages of using a treated mosquito net as a malaria control tool include its ability for maintaining the effectiveness of the protection provided by a damaged or badly used mosquito net by killing mosquitoes that try to bite thorough insecticide-impregnated mosquito nets and repelling others from human dwelling. 5 In addition, the use of insecticide-impregnated mosquito nets may be easier to implement and sustain than available alternative vector control measures such as environmental sanitation because of their immediately perceptible benefit to the user in personally protecting them from other nuisance insects as well as malaria vectors.
Malaria control by mosquito nets treated with insecticide has not previously been assessed in the rain forest of west Africa under conditions of perennial transmission of P. falciparum. This investigation was therefore designed both to evaluate the protective efficacy of this potential control strategy and also to compare its impact with that of an effective and safe control measure, dapsone/pyrimethamine (d/p) prophylaxis.
SUBJECTS AND METHODS
The study area has previously been described. [6] [7] [8] [9] The 17 study villages were pair-matched for similarities in size, altitude, climate and temperature, presence of a health center, and number of children, and randomly allocated by a lottery between the chiefs of each matched-pair community for the distribution of treated mosquito nets or no nets for the intervention phase of the study. Inhabitants of the study communities between the ages of three months and six years were individually randomly allocated to receive d/p prophylaxis or placebo every two weeks after the informed consent of their parents or guardians was obtained. The Scientific Review and Ethical Committee of the Ministry of Health of Sierra Leone reviewed and granted ethical approval for this study. Dapsone/pyrimethamine was given in the fixed proportion of 100 mg of dapsone and 12.5 mg of pyrimethamine (adult dose). The dose was administered every two weeks, and children 3-11 months of age received 1/4 of a dose, those 1-4 years of age received 1/2 a dose, and those greater than five five years of age received 3/4 of the adult dose. Each child recruited into the study was therefore considered as being randomly allocated into one of four groups: 1) treated nets and d/p prophylaxis, 2) d/p prophylaxis, 3) treated nets, and 4) a control group. Nets were provided to the remaining communities at the end of the trial.
Morbidity surveillance consisted of weekly active case detection where each child recruited into the study was visited by a field worker employed by the project. The child's health status was assessed using a precoded questionnaire, and the axillary temperature was recorded with an electronic thermometer. A fingerprick blood film was made for those children fulfilling a set of criteria listed below and they were then referred to their Community Health Officer (CHO) for treatment or to the project nurse where a CHO was unavailable. The treatment policy of the Ministry of Health of Sierra Leone of administering chloroquine as a 10 mg/kg (single dose) as a presumptive treatment for malaria was followed based on the judgment of the CHO or the project nurse. The treatment afforded to each child was checked against the laboratory results to confirm that children meeting the case definition (given below) of clinical malaria were adequately treated with chloroquine by giving an additional 15 mg/kg over a two-day period. The persistence of clinical malaria in consecutive weeks was considered as the prolongation of the initial episode (for reasons elaborated later) and treated with chloroquine. Despite evidence of chloroquine resistance at the RI/RII level (Marbiah NT, unpublished data), all cases treated with chloroquine eventually resolved and it was not necessary to resort to treatment with any second-line antimalarial drugs.
Criteria for taking a blood sample. Parents or guardians were asked if a particular child being seen at a weekly morbidity surveillance survey had any of the following conditions: 1) fever today?, 2) fever anytime during the last seven days?, 3) any occurrence of chills, rigors, or headache during the last seven days?, and 4) any occurrence of vomiting or diarrhea during the last seven days? The fifth criterion consisted of objective evidence of a recorded temperature greater than or equal to 37.5ЊC. The presence of any one or more of the above criteria led to the collection of a blood smear for a microscopic search for malaria parasites.
Parasite enumeration was done by examining Giemsastained thick blood films. One hundred high-power microscopic fields (HPFs) were examined systematically from edge to edge to ensure that each film was covered. The number of HPFs containing one or more parasites per HPF were counted. If all 100 HPFs examined contained at least one parasite, the number of parasites per HPF was then counted in 10-100 HPFs, depending on the number of parasites counted per HPF: 50 HPFs for 10-19 parasites/HPF; 25 HPFs for 20-39 parasites/HPF; and only 10 HPFs if the parasites counts were higher. The estimated parasite density per slide was calculated by multiplying the average number of parasites per HPF by 500 when all HPFs contained parasites. Otherwise, the estimated parasite density was determined by multiplying the number of HPFs containing parasites by 5. This calculation is based on evidence that the volume of blood in a well-prepared thick film is approximately 0.002 l. 10 The results of the weekly morbidity surveys were used to calculate the incidence rates of clinical episodes of malaria. Age-specific illness thresholds were used to derive alternative definitions of clinical episodes. 1) Children less than 24 months of age were said to have an occurrence of critical parasitemia when smears collected because they fulfilled the sampling criteria were found by microscopy to contain 2,000 or more asexual P. falciparum parasites per microliter of blood on a thick smear. An episode of clinical malaria began with the occurrence of critical parasitemia and continued until the child had recovered, that is, was free of clinical manifestations. 2) A similar definition was used for children more than 24 months of age, but at a critical parasitemia of 5,000 asexual P. falciparum parasites or more per microliter of blood. A child fulfilling one or more of the criteria for taking a blood sample and having a critical parasitemia was regarded as having an attack of clinical malaria.
The incidence rates were calculated per 1,000 child-weeks at risk and from these a relative rate was derived by comparing children in each arm of the study with the control group. Because of the possibility that the impact of the treated nets on malarial transmission and clinical cases in children in the matched-paired communities may not be independent, the Wilcoxon signed rank test was used to compare the rates in the paired communities weighted for differences in sizes in calculating the overall effects in treated mosquito nets versus no nets villages. The confidence intervals for the protective efficacies were calculated from the mean and standard error of the log rate ratios of each pair.
Children participating in less than 25% of the weekly morbidity surveys conducted for a year have been excluded from the analyses. The smear results for those who did not fulfill the sampling criteria but for whom slides were inadvertently collected were also excluded from the analyses.
RESULTS

Impacts of the interventions on traditional malariometric indices.
The frequency and distribution of P. falciparum densities observed in the study groups during the weekly morbidity surveys are shown in Table 1 . The results presented in this table clearly indicate that after one year of follow-up the various study groups were still very similar in terms of the number of children per group (despite the fact that children were continually recruited during the course of the study), number of visits per child in each group, the contribution of the children in each group to the total number of slides collected, the average number of slides per child, and the proportion of contacts in each group during which smears were collected. The number of children in each study group excluded from this analysis because they completed less than 25% of the 48 possible weekly morbidity surveillance were as follows: 55 each in both the treated nets plus d/p prophylaxis group and d/p prophylaxis only group, and 81 each in the treated nets only group and in the control group. It was also noted that the number of presumptive treatments with chloroquine per child in each group were also very similar based on the number of referrals. Thus, the potential source of errors and bias that would have occurred if very different numbers of smears had been collected from the study groups or differing number of presumptive chloroquine treatment given was avoided.
The results of the preintervention cross-sectional survey (March 1992) and another survey conducted a year later, nine months after the trial started, are summarized in Table  2 . During the preintervention survey, the children allocated to the study groups for the intervention phase were similar both in terms of the spleen rate and mean packed cell volume (P ϭ 0.962 and P ϭ 0.839, respectively). A comparison of the groups on these same indices from the March 1993 cross-sectional survey after nine months of intervention revealed significant differences in the mean packed cell volume (P Ͻ 0.0001) and the spleen rate (P Ͻ 0.001) among the groups. It is of particular interest that the reduction observed in the spleen rate is closely associated with a simultaneous increase in the mean packed cell volume and this is most evident in children using nets exclusively.
Impacts of the interventions on clinical malaria. The protective efficacies of the interventions on the incidence rate of clinical malaria observed during the weekly morbidity surveys are shown in Table 3 . The effects of the exclusive use of treated mosquito nets or d/p prophylaxis on protection against clinical malaria are similar (49% and 42%, respec- tively), while in combination the efficacy is significantly increased to 72% (P Ͻ 0.001).
Children in the control group had an average of 1.3 malaria episodes per child compared with 0.65 episodes or 0.78 episodes for those using treated mosquito nets and d/p prophylaxis, respectively. Children using the combined strategies (treated nets and d/p prophylaxis) had an average of 0.37 episodes per child, a figure 3.5 times less than that observed in the control group.
The overall protective efficacy of treated mosquito nets on clinical malaria (Table 4) in the paired villages was 50.1% (95% confidence interval ϭ 21-56%; P ϭ 0.0117, by Wilcoxon signed-rank test). Protection was seen in every pair of villages for both clinical malaria and to a lower degree, slide positivity. Protection against high parasitemia was less consistent at the paired communities level, but this effect is evident when one considers the study groups (Table  1) in which there were only four occurrences of parasitemias greater than 100,000 parasites/l in those allocated to the combined strategies group compared with almost eight times this number in the control group.
The frequency of attacks of clinical malaria in children in different arms of the study is shown in Table 5 . The data in this table indicate that there were significant differences between the study groups in the number of children with no episodes ( 2 ϭ 94.6, degrees of freedom [df] ϭ 3, P Ͻ 0.001) and in the number of attacks of malaria in those who experienced clinical cases of malaria. Only 11 (2.3%) of 467 children had more than two episodes of clinical malaria in the group receiving both d/p prophylaxis and treated mosquito nets compared with 27 (5.7%) of 470 children using treated mosquito nets alone, 35 (8%) of 436 children in the group receiving d/p prophylaxis exclusively, and 83 (18.4%) of 450 children in the control group. Of the 33 children who had five or more episodes, 20 (61%) were children in the control group and the rest were children either using treated nets (7 or 21%) or d/p prophylaxis (6 or 18.2%) exclusively. No child in the combined strategies group had more than four episodes (only three children in this group had four episodes). The number of episodes evident during a weekly visit and those persisting during consecutive visits have been summarized by intervention group and are shown in Table 6 . The proportion of the number of episodes persisting for more than a week was very similar in the control, treated mosquito nets, or d/p prophylaxis groups but differs significantly in children using both nets and d/p prophylaxis ( 2 ϭ 12.67, df ϭ 3, P Ͻ 0.01).
DISCUSSION
Numerous studies over the past 50 years have demonstrated that regular chemosuppression reduces malaria morbidity and spleen rates while improving the hematocrit level. 11, 12 A large study conducted in The Gambia reported that the effects of treated mosquito nets on malaria morbidity could be augmented by chemoprophylaxis with d/p every two weeks in children. 13 Earlier studies 14, 15 from this same locality indicated that chemosuppression with d/p was effective in reducing malaria morbidity and mortality. During these trials, no side effects were seen and drug resistance did not develop over a five-year period when d/p was used for four months of each year during the peak transmission season. 16 These encouraging results were the impetus for our study. The other was the scarcity of evidence for the efficacy of insecticide-treated mosquito nets under conditions of intense perennial malaria transmission as encountered in the forest zone of west Africa in spite of highly encouraging results from the savannah areas of Africa. [17] [18] [19] The results presented in this paper demonstrate that the children receiving the various interventions did significantly better than those in the control group by all of the parameters assessed. In terms of the traditional malariometric indices, the combined used of treated mosquito nets and d/p prophylaxis every two weeks had a significant impact on overall P. falciparum prevalence, reducing slide positivity by more than 50% in children receiving the combined strategies compared with those in the control group. Children in the intervention groups also showed reductions in the higher parasite densities classes (Table 1) , and a seven-fold difference when the intervention groups were compared with the control group. Changes in the mean packed cell volume (hematocrit) and the average spleen rates observed over two timepoints (Table 2 ) support the trend observed with parasite density and slide positivity.
There was a clear impact of the interventions on clinical malaria due to P. falciparum. We found that the effects of lambda-cyhalothrin-treated mosquito nets were comparable with d/p given every two weeks, with protective efficacies of 49% and 42%, respectively. The impact of combined lambda-cyhalothrin-treated mosquito nets and d/p prophylaxis on the incidence of clinical malaria showed an additive effect that corresponds to results reported from The Gambia. 13 This study further demonstrated that lambda-cyhalothrin is an effective insecticide that retains its effect over a 12-month period. 9 Chemosuppression and treated bed nets interfere with asexual parasites in the blood and the number of infective bites, respectively. It is therefore not surprising that their combined effect is additive. This is further illustrated by the reduction in the number of children with multiple episodes of malaria (Table 5) . Our results are in agreement with those of other studies of treated nets, in which it was found that treated nets have a more marked effect on high parasitemias than on overall parasitemia. 17, 20 The interventions reduced not only the number of episodes in some children, but also appeared to shorten their duration as well. Although this may partly be due to treatment failure, this observation suggests that some prolonged episodes may be a manifestations of separate but overlapping infections. This reduction of the duration of a clinical malaria attacks by treated mosquito nets appears not to have been previously noted, and may have implications in the development of immunity and the outcome of cases. As far as the outcome of cases is concerned, our data suggest that the likelihood of a child developing anemia is higher following many overlapping continuous episodes than if the same number of episodes were interspersed by gaps during which the child recovered.
If acquisition of immunity depends on either multiple infections with a single strain or upon gradually acquiring the experience and through immunity to an increasing number of separate strains, 21, 22 it follows that reducing exposure to the local repertoire of strains by using treated mosquito nets may affect the rate of the acquisition of immunity. This may result in individuals, especially children of a given age, being less immune, and thus may shift the burden of disease to older age groups without reducing the overall number of disease episodes over a lifetime as argued by Trape and Rogier. 23 However, there is evidence of nonspecific age-related immunity: Schuffner 24 noted an age-dependent immunity in people lacking a history of heavy exposure, and Christophers 25 documented age-dependent protection in migrants that paralleled those in residents of endemic areas. In addition, recent work from northeastern Indonesia 26 suggested age-dependent partial immunity, with the investigators noting that exposure as an adult seems to lead to the same level of partial immunity acquired as a cumulative product of many years of heavy exposure. These observations suggest that delaying exposure and clinical disease to later in life may be advantageous. Chemoprophylaxis with d/p every two weeks had approximately the same efficacy against clinical malaria as treated nets over the 12-month period covered by the study. However, about 2% of the study children developed hyperpigmented maculae, most probably due to the dapsone component of the d/p. 27 We do not believe that year-round regular chemosuppression for reasons of cost, logistics, sustainability, likelihood of drug resistance, and the possibilities of side effects is a realistic alternative to treated bed nets except for highly targeted intervention for a limited time, at least under similar conditions of transmission as ours.
The all-cause and malaria-specific childhood mortality in the various arms of the study did not differ significantly, nor was the study intended to be of the size or type to assess the interventions impact on mortality: the degree of surveillance was intended to prevent malaria mortality in all groups. However, the interventions would be suspected to have an impact on malaria mortality in our study locality by virtue of the effects observed on a parameter associated with severe disease: high parasite density.
In conclusion, our results clearly show that treated bed nets are an effective malaria control tool with beneficial effects for children living under intense malaria transmission. Even in this area with a high risk of disease, 28 treated mosquito nets benefited children by reducing the duration of clinical malaria episodes and the number of episodes with high parasitemia, lowering spleen rates, and increasing the hematocrit levels. While regular continuous chemoprophylaxis may not be suitable or even practical in our study area, one wonders whether the beneficial additive effects of combining year-round chemoprophylaxis with community-wide use of treated mosquito nets, such as demonstrated in this population, would not be obtained by occasional mass chemoprophylaxis timed for the peak transmission season and targeting only high risk groups (children and expectant mothers)?
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